In the past few years, several landmark studies, as well as new technological advances, have increased our understanding of the signals required for plant development. The identification of plant hormone receptors and the components that mediate downstream pathways were major steps towards understanding the mechanisms by which phytohormones work. In addition, recent studies have revealed that mobile small RNAs, transcription factors and peptides have important roles in tissue patterning and have promoted our understanding of cellular communication in planta. These breakthroughs would have been hard to achieve without the latest advances in optics, which now allow subcellular and even molecular resolution using different types of visualization techniques, as well as high-throughput methods that facilitate the simultaneous analyses of thousands of genes.
Quiescent centre
A group of meristem cells in the root that have low mitotic activity and that are required for maintenance of the stem cells.
Initial cells
Progenitor cells of a tissue or an organ.
Cell wall
A structure composed of cellulose, hemicellulose and pectin that surrounds plant cells (and some other organisms such as fungi), contributes towards the overall firmness of the organism and prevents cellular movement.
Signalling occurs over long and short distances within the plant. In this Review, short-range signalling refers to mechanisms that are specifically implemented during pattern formation in organs, tissues or between neighbouring cells (FIG. 1) . This is usually the 'final touch' for shaping and specifying cell function and identity. These short-range signals include peptide signalling and the movement of transcription factors and non-coding small RNAs (sRNAs). By contrast, we define long-range effectors as stimulants that influence many developmental events and that can travel for long distances between cells and organs (FIG. 1) . The long-and short-range signalling processes are mechanistically related, but differences in modes of communication are not merely semantic, thus we outline conceptual distinctions, as well as commonalities.
In this Review, we provide an overview of the current state of knowledge regarding how plants channel information within and between different organs, and how this information is integrated to produce desired outputs. Finally, we discuss the fundamental principles that constitute information networks in plants and consider future directions for detecting and analysing these networks. Arabidopsis thaliana is a dicotyledonous plant that is used as a model organism for developmental studies. Two classes of signalling are used in A. thaliana: long-range signalling encompassing travel over a considerable distance (for example, shoot to root) (part A); and short-range signalling involving local intercellular movement (parts Ba,Bb). A. thaliana organs originate from two meristem populations, one in the shoot and the other in the root. Both meristems contain niche cells and stem cells or initial cells. However, each meristem has a distinct organization and cell types that arise from it. The shoot apical meristem (SAM) contains three layers (L1, L2 and L3) and three developmental zones (peripheral zone, central zone and rib zone) (part Ba). The niche cells, or organizing centre, of the SAM are specified at the junction of the three developmental zones and function to maintain stem cells in the shoot. The root apical meristem (RAM) (part Bb) is radially symmetric and consists of central niche cells (the quiescent centre) surrounded by stem cells. In the root, each stem cell population gives rise to one or two cell types. Short-range: peptides In animal development, the importance of peptide signalling has long been recognized. However, historically, in plants the focus has been on phytohormones.
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Only in the past decade or so has the relevance of peptides to plant development begun to be appreciated.
In silico analysis of the Arabidopsis thaliana genome for 25-250-amino-acid proteins containing an aminoterminal cleavable signal peptide, but lacking a transmembrane domain and an endoplasmic reticulum retention sequence, predicts thousands of biologically active peptides 2 . However, the function of only a handful has been identified, and even fewer receptors and downstream components have been characterized. For a comprehensive review on this topic, see REF. 3. Recent studies have begun to define a general mechanism of peptide signalling in plants. Specifically, two classes of signalling peptides have been identified: cysteine-rich peptides and small post-translationally modified peptides 4 . For cysteine-rich peptides, a propeptide is produced and the formation of disulphide bonds results in a mature signalling peptide. By contrast, the small post-translationally modified peptides undergo further proteolytic processing of the propeptide, and the addition of post-translational modifications generates a mature signalling peptide. For both classes it is hypothesized that the peptides diffuse through the apoplast to bind target receptors on neighbouring cells 5 . However, direct evidence of peptide movement and the route of travel remain to be determined.
In plants, the receptors for some signalling peptides are receptor-like kinases (RLKs). Identification of these receptors and their corresponding ligands has been challenging. Genome-wide analysis of A. thaliana has revealed more than 600 putative RLKs 6 , the largest proportion of which are leucine-rich repeat RLKs (LRR-RLKs) 7 . This estimate is based on three features: a ligand-binding extracellular domain, a transmembrane domain and a cytoplasmic kinase domain. This is likely to be a conservative approximation, as another class of proteins, called leucine-rich repeat receptor-like proteins (LRR-RPs), lack a kinase domain but form complexes with LRR-RLKs for signal transduction. Despite the identification of putative ligands and receptors, we are only just beginning to appreciate the complexity of these interactions in plants. Currently, fewer than ten ligand-receptor pairs have been proposed and even fewer interactions have been thoroughly validated.
Regulation by CLE peptides in the shoot apical meri stem. One class of small post-translationally modified peptides that has provided insights into signalling mechanisms active during plant development is the CLAVATA 3/EMBRYO SURROUNDING REGION-RELATED (CLE) family. A total of 32 CLE peptides have been defined on the basis of a 14-amino-acid conserved CLE motif and a variable N-terminal hydrophobic domain 8, 9 , but many of their functions remain to be uncovered. The first CLE peptide, CLAVATA 3 (CLV3), was identified from a mutagenesis screen in which the Figure 2 | Routes of intercellular movement. a | Plasmodesmata are cell membrane features that are formed by plasma membrane connections between adjacent cells, which penetrate the cell wall. Plasmodesmata contain a shared portion of the endomembrane system, which is thought to be important for the transmission of intercellular signals. b | Owing to the cell wall, intercellular movement is restricted to two routes: apoplastic and symplastic. An apoplastic route of travel occurs when factors move into the space between the plasma membrane and the cell wall. The cell wall is made up of cellulose and hemicellulose (indicated by blue lines), with a central pectin-based cell plate, called a middle lamella, that connects the cell walls of adjacent cells (grey dashed line). In apoplastic travel, factors move through this cell wall and into neighbouring cells for uptake. This type of movement can be passive (diffusion) or active (export and import). By contrast, a symplastic route of travel occurs when factors move into neighbouring cells through plasmodesmata. Dashed arrows indicate diffusion or random movement, and solid arrows indicate directed movement.
Kinase-dead
Contains a kinase domain identified by its sequence, but without kinase activity; that is, the ability to add phosphate to a substrate.
loss of CLV3 function resulted in the expansion of the shoot apical meristem (SAM) 10, 11 . CLV3 acts non-cell autonomously and is expressed in a cell layer that is adjacent to the domain in which its receptors are expressed: CLV3 is expressed in stem cells, whereas its receptors are expressed in the underlying niche and surrounding cells 11 . Three receptor complexes have been identified: CLAVATA 1 (CLV1) homodimers; CLAVATA 2 (CLV2) and CORYNE (CRN) heterodimers; and RECEPTOR-LIKE PROTEIN KINASE 2 (RPK2) homodimers [12] [13] [14] . CLV1 and RPK2 represent typical serine/threonine LRR-RLKs, whereas CLV2 lacks a kinase domain and is a prototypical LRR-RP, requiring CRN for signal transduction 13, 15, 16 . CRN is kinase-dead, suggesting that it does not have a role in signal transduction, and it is instead proposed to facilitate CLV2 transport or protein scaffolding 17 . Interestingly, ~20% of identified RLKs are proposed to be kinase-dead, but the functional importance of these receptors remains to be defined 18, 19 . CLV1 and CLV2-CRN are considered to be the primary CLV3 receptors, as shown by the relatively mild phenotype of RPK2 mutants 14 .
Developmentally, CLV3 regulates the balance between stem cell proliferation and differentiation in the SAM. Tight regulation of this process is achieved by a feedback loop between CLV3 and a downstream transcription factor, WUSCHEL (WUS), which is expressed in the stem cell niche and which is a key regulator of stem cell maintenance 20, 21 (FIG. 3a,b) . In this pathway, WUS activates CLV3, which in turn represses WUS, generating a controlled balance between differentiation and stem cell maintenance 11, 22, 23 . This negative feedback loop has distinct outcomes, including limiting the maximum signal output, which is important for the maintenance of stem cell populations 24 . It is still unclear how the restriction of WUS expression is coordinated through the three different receptor complexes. Loss of either CLV1 or CLV2-CRN results in expansion of the WUS expression domain; however, loss of RPK2 has only mild effects on WUS expression 14, 25 . Interestingly, the expression domain of the receptors is broader than that of WUS, suggesting additional regulatory mechanisms 14, 15, 21, [25] [26] [27] . Some signalling intermediates in the CLV3-WUS pathway have been identified (for example, parts a,b) . The CLV3 peptide is produced and moves into the underlying L3 layer to bind its receptors (CLV1, CLV2-CORYNE (CRN) and RECEPTOR-LIKE PROTEIN KINASE 2 (RPK2)) and to repress the expression of the WUS transcription factor. Production of a mobile non-coding small RNA (sRNA), microRNA394 (miR394) in the L1 and L2 layers generates an opposing gradient to prevent the feedback of WUS to CLV3 by LCR-mediated degradation of an as-yet-unknown cofactor. In the root, CLE40, which is a homologue of CLV3, is expressed in the columella cells underlying the quiescent centre (parts c,d). CLE40 binds its receptor, ARABIDOPSIS CRINKLY 4 (ACR4) to promote the expression of WUSCHEL-RELATED HOMEOBOX 5 (WOX5) in the quiescent centre. Expression of WOX5 is then necessary to maintain the columella initial cells. Regulation by CLE peptides in the root apical meri stem. In the root apical meristem (RAM), WUSCHEL-RELATED HOMEOBOX 5 (WOX5), which was identified as homologous and interchangeable with WUS, was found to be expressed in the quiescent centre [31] [32] [33] . Thus, it logically followed that a CLE peptide-WOX5 pathway analogous to the CLV3-WUS pathway would also be required for the maintenance of the RAM. Such a pathway has been identified, but it does not seem to function in the same way as CLV3-WUS in the shoot meristem 32, 33 . A close homologue of CLV3, CLE40, is expressed in cells underlying the root stem cell niche and regulates WOX5 expression 33, 34 (FIG. 3c,d ). The receptor for CLE40 has been identified as the non-LRR ARABIDOPSIS CRINKLY 4 (ACR4). ACR4 is expressed in cells adjacent to those expressing CLE40 and it negatively regulates WOX5 expression in the niche 33 (FIG. 3c,d ).
Interestingly, a recent study has shown that CLV1 may act as a co-receptor with ACR4 in the root meristem and could represent an evolutionarily conserved mechanism of meristem maintenance 35 . However, cle40, acr4, clv1 or wox5 mutants do not globally affect root stem cell populations; alterations are only observed in the distal stem cell population (that is, the columella) 32, 33, 35 . There is also no evidence of feedback from WOX5 to CLE40. Together, these results suggest that, although a CLV3-WUS-like pathway does exist in the root, it acts in a more restricted manner than in the shoot.
Regulation by CLElike peptides in the RAM.
A new family of peptides has recently been identified that is required for the maintenance of the root meristem 36 . The CLE-like (CLEL) peptides (also known as root growth factor (RGF) peptides) were identified through their post-translational modifications 36 . Despite their name, the CLEL peptides are distinct from CLEs and share only a domain structure 37 . It was hypothesized that novel peptides could be identified from the analysis of mutants in post-translational modification enzymes 36, 38 , and it was found that tyrosylprotein sulphotransferase (tpst) mutants have severe phenotypes in both roots and shoots 38, 39 . By focusing on the root phenotype of reduced meristem size and expanded niche cells, a candidate peptide (RGF1) was identified bioinformatically, synthesized and applied to tpst-mutant plants 36 . In the presence of exogenous RGF1, tpst root phenotypes were mostly rescued. The addition of two other previously identified, root-expressed, tyrosine-sulphated peptides -phytosulphokine (PSK) and plant peptide-containing sulphated tyrosine 1 (PSY1) -was sufficient to fully rescue the root phenotype 36, 40, 41 . Neither PSK nor PSY1 alone was sufficient, and the application of other peptides from the CLEL family showed varying degrees of rescue, suggesting that RGF1 is the dominant CLEL peptide in the root. No receptors have yet been identified for RGF1; however, it has been shown that RGF1 post-translationally regulates the expression levels of PLETHORA (PLT) transcription factors, which are required for root meristem maintenance 36 . TPST has been independently shown to regulate the expression of PLT and the localization of biosynthetic and transporter proteins for the phytohormone auxin, possibly through RGF1 (REF. 42 ). Thus, RAM maintenance seems to rely on the convergence of phytohormone and mobile peptide signalling pathways.
We highlight above a subset of studies on peptide signalling in plants, with a specific focus on meristem maintenance. The studies of ligand-receptor interactions provide some intriguing insights into short-range signalling in plants. In particular, the use of multiple receptor complexes in the SAM is a mechanism by which plants can fine-tune short-range peptide signalling. By contrast, the RAM seems to use multiple ligands with similar post-translational modifications and as-yetunidentified receptors to regulate meristem size and function. Although some common components exist (for example, the interchangeable WOX5 and WUS transcription factors 32 , the common requirement of CLV1 in both meristems and shared signalling intermediates 43 ), each stem cell population seems to use unique regulatory mechanisms.
Short range: transcription factors
A second mechanism by which plants transmit local signals is through the intercellular movement of transcription factors. The movement and non-cell-autonomous activity of transcription factors in plants was initially described almost 20 years ago, but our understanding of this process is still evolving 44, 45 . Movement is predicted to occur for 17-29% of transcription factors 46, 47 . This is likely to be a conservative estimate given that this range has arisen from static observation in developmental time. No universal sequence exists to identify the transcription factors that can move, nor has a sequence been identified that is sufficient to mobilize an immobile protein; thus bioinformatic predictions are currently not possible. Instead, mobile transcription factors are often identified on the basis of differences in the expression domains of RNAs and proteins 46, 47 . Transcription factor movement can be restricted either by a point mutation within the protein or by the addition of a cassette containing three copies of the GFP coding region to determine the functional relevance of the movement 48, 49 . Currently, live imaging and quantification of transcription factor movement remain to be fully explored.
Two types of transcription factor movement have been described: non-targeted passive diffusion and active targeted movement. Both types have been proposed to occur by transit through plasmodesmata. There is a size exclusion limit for macromolecules travelling through plasmodesmata. However, this limit is highly dependent on tissue type and age [49] [50] [51] . Plasmodesmata are dynamic features that can expand and contract, and the plasticity of plasmodesmata suggests that size is not the limiting factor for transcription factor movement. In support of this, there is no correlation between size and movement of transcription factors, and mobile transcription factors are a wide range of sizes (from 11 kDa to 70.5 kDa) 46 , 47, 52 .
Morphogen
A signal gradient that has a single source that results in differential output (that is, cell fate) as a readout of the local concentration.
Nontargeted movement. Non-targeted movement seems to be the minor mechanism of movement in plants as only one transcription factor has been shown to move via this mechanism in planta. What little we know about non-targeted passive diffusion of transcription factors is from studies of LEAFY (LFY). Developmentally, LFY has two functions: to initiate the formation of the first flower and to activate floral homeotic genes. Three lines of evidence point to a mechanism similar to diffusion: first, there is unregulated movement of LFY 53 ; second, it has not been possible to inhibit movement by the deletion of various sequences; and third, cytoplasmic localization is sufficient to promote movement 54 . It remains to be seen whether other transcription factors also use this mechanism or whether LFY is unique.
Targeted movement. By contrast, most mobile transcription factors undergo active targeted movement, which has been proposed to occur through association with a cofactor. Cytoplasmic availability was also proposed to regulate protein movement; however, the situation has proved to be more complex, as cytoplasmic localization is not sufficient for transcription factor movement 46, 54, 55 . One example of a transcription factor that uses targeted movement is SHORT-ROOT (SHR), which moves from the root vascular tissue into the surrounding cell layer to regulate cell fate choices 56 (FIG. 4a-c) . SHR was classified as engaging in active targeted movement because a single point mutation was sufficient to inhibit movement, which is thought to occur via plasmodesmata 48, 55, 57 . Recently, a cofactor, SHORT-ROOT INTERACTING EMBRYONIC LETHAL (SIEL), was identified that facilitates SHR movement 58 (FIG. 4c) . Interestingly, siel mutants also disrupt the movement of other transcription factors, suggesting that there may be common cofactors involved in this process 58 . SIEL colocalizes with endosome markers 58, 59 , and because the endomembrane is a key component of viral intercellular movement, this suggests that a conserved mechanism for macromolecule movement may exist 59 . Transcription factor movement is involved in many developmental processes and is integrated with other signalling mechanisms. For example, in the SAM, WUS moves into adjacent cells to activate CLV3 transcription, although the mechanism by which it moves remains to be determined 60 . Although the mobility of transcription factors is predicted to be widespread in A. thaliana, we currently lack the ability to rapidly identify moving proteins. With the continued discovery of cofactors that facilitate movement and routes of travel, we may be able to identify the motifs required for protein shuttling or even three-dimensional structures that will facilitate the high-throughput identification of mobile transcription factors.
Short-range: small RNAs
Around the time that transcription factor movement was first described, a mobile silencing signal was discovered that was later found to consist of sRNAs 61, 62 . sRNAs in A. thaliana can be broadly divided on the basis of biogenesis and size into two classes: small interfering RNAs (siRNAs) and microRNAs (miRNAs) 63 . Mobile silencing is not associated with any particular class of sRNA and instead seems to be a general feature of specific plant sRNAs. As with transcription factors, the movement of sRNAs mostly occurs through plasmodesmata, as the disruption of plasmodesmata inhibits movement 57 . Also in common with transcription factors, the movement of sRNAs is thought to require cofactor association, but no such cofactors have yet been identified. Further, no sequence has been identified that predicts which sRNAs are mobile.
In general, sRNAs are generated from a doublestranded RNA (dsRNA) precursor and processed by the Dicer-like ribonucleases (DCL1-4) into single-stranded RNA (ssRNA), which associates with the ARGONAUTE proteins (AGO1-10). There is conflicting evidence as to which of these forms moves between cells. Originally, microinjection studies demonstrated intercellular mobility of ssRNA but not of dsRNA 64 . However, a series of microparticle bombardment experiments, in which RNA was precipitated onto micron-sized metal particles and accelerated to locally penetrate plant tissue, established that dsRNA but not ssRNA can move between cells 65, 66 . These contradictory results could indicate multiple forms of the mobile sRNA signal or could be due to an artefact of the experimental approach.
Insights into sRNA movement are being revealed by manipulations of the sRNA biogenesis pathways 67 . Specifically, non-vasculature sRNA movement is limited to 10-15 cells 68 . Over this distance the sRNA is continually diminished to generate a signal gradient that has been likened to that of a morphogen in animals 69 . One example of this is miR165a and miR166b, which generate a gradient to define vascular cell types in the root (FIG. 4d-g ). Specifically, the mobile transcription factor SHR moves from the vasculature into the surrounding endodermis to activate MIR165 and MIR166 transcription 70 (FIG. 4d) . miR165 and miR166 expression then radiates from the endodermis through the plasmodesmata and into the vasculature to regulate the expression of PHABULOSA (PHB), a homeodomain leucine zipper (HD-ZIP) 57, 70 (FIG. 4e-g ). The level of expression of PHB in different vascular cells then influences the decision to become protoxylem versus metaxylem 70, 71 (FIG. 4g) .
In the SAM, the sequestration and absence of miR165 and miR166 are important for meristem maintenance. The first indication that sRNAs were important for meristem maintenance came from the identification of an AGO protein, AGO10 (also known as ZLL) 72, 73 . In the absence of AGO10, CLV3 expression is lost despite increased expression of WUS 73 (discussed above). AGO proteins typically mediate repression, but AGO10 has been shown to act uniquely as a decoy to block the accumulation of miR165 and miR166 in the meristem. Specifically, miR165 and miR166 target a set of HD-ZIP transcription factors that are important for maintaining pluripotency in the SAM. AGO10 is expressed early in the presumptive SAM and binds miR165 and miR166 to prevent its association with the broadly expressed AGO1 and thus prevent the 
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degradation of HD-ZIP transcription factors in the SAM 74, 75 . Interestingly, the role of AGO10 may be dependent on developmental context, as demonstrated by a study in the floral meristem, where AGO10 seems to degrade miR165 and miR166 through an unknown mechanism 76 .
Another miRNA, MIR394, was identified through a forward genetics screen for enhancers of a weak ago10 mutant and it is required for the specification of the shoot niche cells (organizing centre) 77 . miR394 is generated in layer 1 (L1) of the SAM and moves proximally, through approximately three cell layers, to act in an opposing gradient to WUS (FIG. 3b) . In MIR394;ago10-1 mutants, CLV3 expression is lost, despite the WUS expression domain being maintained and even expanded. As WUS movement activates CLV3 transcription (discussed above), this suggests that WUS function is impaired, presumably owing to the loss of a cofactor. Functionally, miR394 targets the expression of a protein called LEAF CURLING RESPONSIVENESS (LCR), which putatively functions to direct proteins for degradation through the 26S proteasome. Thus, in the absence of miR394, LCR accumulates and targets an as-yet-unknown protein for degradation, preventing the feedback of WUS to CLV3 (REF. 77 ).
We are now beginning to understand the general mechanism of sRNA movement and are gaining a cursory understanding of how mobile sRNAs contribute to plant development. Future studies will help to define whether sRNA movement might be dependent on secondary RNA structure and/or interactions with transporter proteins. Despite recent progress, our understanding of how the mechanism of movement for specific sRNAs influences their developmental function is still limited. At present too few mobile sRNAs have been identified to draw broad conclusions about this type of signalling and the part it plays in plant development. The biggest challenge remains the identification of mobile sRNAs and their targets. Forward genetics screens for enhancers of a general sRNA mutant phenotype (as described above) are likely to yield additional factors; however, these approaches are limited by the sRNA mutant that is selected.
Long-range signalling: overview There are several forms of long-range signalling mechanisms, which usually cause pleotropic effects that are produced by molecules travelling between organs. Accordingly, we consider phytohormones (discussed below), florigen (BOX 1) and a subset of sRNAs (BOX 2) in this category. Because a full description of plant hormones is beyond the scope of this Review and as auxin is arguably the best-studied plant hormone, we use it as an example to demonstrate the key principles of hormone signalling. We highlight below prominent themes, rather than comprehensive mechanistic details, that are crucial for balanced and efficient spatiotemporal control during plant response and development.
Plant hormones. Phytohormones are small molecules that act at low concentrations and that are involved in almost every developmental process, as well as in responses to external signals. They are distinct from mammalian hormones, which are transported from sites of production in specific organs (glands) to target tissues. Instead, phytohormones are produced in multiple tissues and flow between organs via the vasculature or through the use of special transporters. Each organ and, in many cases, tissues or groups of cells can produce and perceive cues that are mediated by hormones.
In plants, there are several phytohormones, each with distinct signalling mechanisms and downstream outcomes; however, some common themes have emerged. For example, four plant hormones -auxin 78, 79 , gibberellin 80 , jasmonate 81 and salicylic acid 82 -transmit their signal via the SKP, cullin, F-box (SCF) E3 ubiquitin ligase complex 83, 84 , and signal transduction of abscisic acid and ethylene also requires E3 ligase activity 85 .
Long-range signalling: auxin As noted above, auxin is the best-studied phytohormone and is involved in many developmental processes, so here we focus on auxin as a case study. It is noteworthy that the auxin compound family has multiple derivatives that might function differently in signal transduction 86, 87 . We discuss below the most abundant form, indole-3-acetic acid (IAA) (FIG. 5) .
The auxin receptor is the F-box protein TRANSPORT INHIBITOR RESPONSE 1 (TIR1), which is a part of the SCF TIR1 complex. Auxin perception occurs by binding of AUX/IAA proteins to TIR1, targeting them for degradation by the proteasome and releasing AUXIN RESPONSE FACTOR (ARF) transcription regulators from inhibition by AUX/IAA (FIG. 5a,b) . Accumulation of auxin can be stable or dynamic. For example, in the root meristem, high and stable levels of auxin are consistently present around the quiescent centre. Interestingly, although the accumulation of auxin is considered to be stable, auxin molecules are constantly flowing in and out of this region [88] [89] [90] . A second pattern of auxin accumulation is dynamic and often arises in newly emerging structures such as lateral root, leaf and flower primordia. Auxin dynamics, accumulation and outcomes are accomplished through interplay among its metabolism, transport and perception.
Box 1 | Long-range movement of proteins: the odyssey of florigen
During the nineteenth 126 and twentieth centuries, experimental data showed that the transition from vegetative phase to reproductive phase in flowering plants is mediated by a light signal 127 , which is perceived in the leaves [128] [129] [130] [131] [132] . In the mid-1930s, the Russian botanist Mikhail Chailakhyan, probably influenced by Frits Went's studies on auxin, dubbed this mobile signal 'florigen' and declared it to be a hormone-like molecule that is produced in the leaves and transported to the shoot meristem to induce flowering. The most convincing evidence came from intraspecies and interspecies graft experiments 128, 132, 133 in which a photo-induced donor could initiate flowering in a recipient plant. Initially, it was thought that in Arabidopsis thaliana FLOWERING LOCUS T (FT) mRNA was the mobile signal, but this result could not be reproduced in the tomato 134 . The results from A. thaliana proved to be incorrect, and this publication was retracted. On the basis of strong circumstantial evidence, Lifschitz et al. 134 proposed that the protein product of SINGLE FLOWER TRUSS (SFT), the tomato orthologue of A. thaliana FT, was the mobile florigen or at least part of the systemic signal. Indeed, most data are consistent with this hypothesis: overexpressing SFT donor shoots can induce flowering not only in sft and unfolded (uf; a late-flowering mutant) receptor shoots, but also in late-flowering tobacco. Similar observations have also been made in other species [135] [136] [137] [138] . In a follow-up study 139 it was shown that SFT functions as a general growth regulator as part of a system that keeps the balance between the vegetative phase and the reproductive phase. In the current model, FT is produced in the leaves and the protein moves to the shoot apex through the phloem, where it interacts with FLOWERING LOCUS D (FD) and other proteins to induce flowering. Nevertheless, one crucial observation is still lacking -visual detection of FT that overlaps with FD expression in incipient inflorescence primordia, either by a fluorescent protein fusion or by immuno-hybridization. Currently, FT is the only example of long-range signalling by a protein.
Hypophysis
The most proximal cell of the suspensor that will initiate the columella and quiescent centre.
Suspensor
A cell population that connects the embryo proper to the endosperm feeding tissue. It forms as a result of asymmetric division of the zygote and functions similarly to the placenta in animals.
Auxin metabolism. Auxin metabolism can be divided into three main parts: de novo biosynthesis, conjugation and degradation 86, 87 . Biosynthesis takes place in various tissues 91, 92 through multiple biosynthesis pathways (six have been postulated) that produce dozens of conjugates with amino acids, sugars and proteins 93 . These conjugates are made and unmade by actively coupling and uncoupling auxin, suggesting that they serve as readily available reserves of auxin. This mechanism provides the opportunity for the rapid regulation of developmental processes, which can be turned on by the conversion of conjugates into IAA when other components of the system (such as carriers and receptors) are already present. Two recent studies have shown that auxin biosynthesis is dependent on the availability of some sugar compounds 94 and that the IAA-Trp conjugate antagonizes IAA accumulation and affects both root growth and the number of lateral roots through an undefined mechanism 95 . These results suggest that the balance between IAA and its precursors and conjugates is important for proper development. Interestingly, during the evolution of plants and the increase in complexity of their body plan, the overall balance has shifted from high free IAA levels and slow conjugation rates to lower levels of free IAA and fast conjugation 96 . A mechanism involving conjugation might provide higher precision in controlling developmental events through spatial and temporal changes to IAA 96 .
Auxin transport. Auxin has two primary modes of transport: rapid movement through the vasculature and short-range, accurate intercellular movement by means of the polar distribution of special transporters 90, 97 . Four major gene families divided into two groups control polar auxin distribution: influx carriers (namely, the AUX-LAX1 family) that pump auxin into the cell 98 and export carriers 90, 99 (namely, the PIN-FORMED (PIN), ABC TRANSPORTER B (ABCB) and PIN-LIKES (PILS) families) that pump auxin from cells into the apoplast. One of the most interesting features of some of the auxin carriers -for example, PIN1 and AUX1 -is their polar subcellular localization in the plasma membrane. This localization pattern in root cells is necessary for accurate canalization of auxin to sink regions to initiate and/or maintain patterning 90 . One remarkable example of auxin localization as an essential factor in morphogenesis is the specification of the hypophysis, the founder cell of the quiescent centre (that is, the root organizing centre) and the columella tissue during embryogenesis. This specification event starts with the accumulation of auxin in the proximal part of the suspensor (near the embryo proper). It requires precise auxin build-up in time and space, as shown by polar and opposing localization of PIN1 and PIN7 facing the embryo-suspensor junction, expression of an auxinresponsive marker in the hypophysis (and its adjacent basal cell), and basal-pole defects in pin1 and pin7 mutants 100 . To our knowledge there is no other similar example of spatiotemporal specification of a single cell by precise canalization of a plant (or animal) hormone. Local accumulation of auxin does occur before patterning of other organs such as lateral roots, floral and leaf primordia 101 , albeit not in a single cell.
Auxin perception. The auxin signal is perceived by a four-protein receptor complex (known as SCF TIR1 ) that consists of the E3 ubiquitin-protein ligase RING-BOX PROTEIN 1 (RBX1), S PHASE KINASE-ASSOCIATED PROTEIN 1 (SKP1; also known as ASK1), CULLIN 1 (CUL1) and TIR1 (REFS 102, 103) . Binding of auxin to the F-box protein TIR1 attaches AUX/IAA ARF inhibitors to the SCF TIR1 complex, directing AUX/IAA proteins for degradation in the proteosome and releasing the ARFs so that they can act as transcription factors (FIG. 5a,b) . The A. thaliana genome encodes multiple homologues of each SCF subunit -23 ARFs, 29 AUX/ IAA family members and ~700 predicted F-box genes (in comparison to ~100 in the human genome) -each with potential multiprotein-binding domains 104 . Thus, combinatorial interactions between these components could provide an explanation for the multiple outputs generated solely by auxin.
An intriguing question is why the auxin pathway operates through a release of repression mechanism (that is, the release of ARFs from AUX/IAA proteins). Mathematical models, as well as experimental data in budding yeast, suggest that molecular titration by protein sequestration can generate an ultrasensitive, all-or-none output (FIG. 5e) that is similar to the cooperativity described below 105, 106 . Using a synthetic regulatory circuit, it has been shown that linear rather than sigmoidal responses are obtained in the absence of an inhibiting protein. Another advantage of repressive mechanisms is that molecular components of a given developmental path are available and readily functional by removal of repression, thereby generating rapid responses.
Box 2 | Long-range signalling of small non-coding RNAs
Although many non-coding small RNAs (sRNAs) have been found to signal over short distances, it has recently been appreciated that sRNAs can also act as long-range signals 140, 141 . For more than 40 years, RNA has been identified in the vasculature conduits, but its presence was always attributed to experimental contamination. There is now evidence that the long-range activity of sRNA is important for many aspects of plant homeostasis. As sRNA species are involved in defence mechanisms and in the elimination of foreign nucleic acids, it was important to demonstrate that endogenous rather than transgenic (for example, GFP) sRNAs are capable of moving long distances and regulating target genes. Two recent studies 66, 142 on sRNA have demonstrated that 23-24-nucleotide-long RNAs can cross a graft union and function in recipient tissues to induce genomic hypermethylation. Two models of sRNA long-range signal transduction have been proposed. The first is through the specialized, enucleated phloem cells of the vasculature 66, 143 . A second mechanism is through relay amplification of short-range signals, which requires the combined activation of a putative RNA-dependent RNA polymerase (SILENCING DEFECTIVE 1 (SDE1; also known as RDR6)) and a putative RNA helicase (SDE3) 68 . A combination of these two mechanisms is likely to be responsible for the long-range activity of sRNAs. Interestingly, grafting experiments have shown the long-range movement of sRNA to be bidirectional, although sRNA movement seems to be more efficient from shoot to root, following the directional flow of the phloem sap 66, 142 . Long-range sRNA movement presents an intriguing process by which plants can control signals at a distance and can integrate developmental and environmental cues on a global scale. However, the specific signals that are propagated through this mechanism remain to be fully defined. If hormone levels are low as a result of natural features of the system but not necessarily as a consequence of a real stimulus, the response is minimal (i). Subsequently, when sufficient amounts of auxin have accumulated owing to a true signal, gene expression can rapidly reach a steady state (iii). A desired and well-known characteristic of hormonal signalling is that the fold change in input signal is amplified (ii). e | An ultrasensitive bistable (on and off (i and ii, respectively)) response occurs when repressive mechanisms sequester a protein and release it in response to a stimulus or when the Hill coefficient is very high. These models have been generated from non-plant systems, but the concepts are applicable in this context. Two postulated network motifs in auxin signalling are shown. f | Hypophysis determination during embryogenesis is shown. A schematic structure of an Arabidopsis thaliana embryo in the globular stage is shown (left-hand side). A postulated feedforward loop during hypophysis specification is shown (right-hand side). The dashed arrow represents the movement of TARGET OF MONOPTEROS 7 (TMO7) from its site of transcription and translation in the provascular cells to the adjacent pro-hypophysis. g | A negative feedback loop motif between the AUX/IAAs and the ARFs can stabilize a system; for example, when a constant level of gene expression is required in the root tip. Nature Reviews | Genetics 
Hill function
A function used in biochemistry to describe cooperative binding. It usually reflects the enhanced efficiency of ligand binding as a result of other ligand molecules that are already bound to a receptor.
As described above, precise auxin accumulation is necessary for the specification of the hypophysis. This, in turn, leads to BODENLOS (BDL; also known as IAA12) degradation and derepression of MONOPTEROS (MP; also known as ARF5) 107 proximal to the future hypophysis, which promotes transcription of several TARGET OF MONOPTEROS (TMO) proteins 108 . Movement of TMO7 (also known as BHLH135) from its site of transcription to the hypophysis precursor is required for patterning the hypophysis non-cell autonomously (FIG. 5f) , whereas auxin accumulation in the suspensor (but not necessarily in the prohypophysis cell itself) is necessary for the regulation of the ARF9-IAA10 module and the specification of the hypophysis 109 . Auxin action during the specification of the hypophysis has similar characteristics to those described by feedforward loops (FFLs) 110 (FIG. 5f ). Although these network motifs are primarily found in transcriptional networks, the principles are similar. Because the input of both MP-BDL and ARF9-IAA10 are needed, the FFL must have an AND logic gate (FIG. 5f ). ARF5 and ARF9 are likely to act as the transcriptional activator and repressor, respectively 111, 112 . Additionally, these two ARFs have antagonistic roles during hypophysis specification 109 , suggesting that in this case the FFL is an incoherent type 1 FFL. Thus, we hypothesize that the output of this mechanism is a pulse response; that is, specification of the hypophysis is followed by exponential decay of the signal, which eventually reaches a steady state involving stable expression of meristem-specific genes, such as those that encode the PLETHORA (PLT) transcription factors, WOX5 and other factors (including auxin itself).
A second mechanism that might contribute to accurate and stable auxin response is the presence of a negative feedback loop 113 (FIG. 5g) . This type of regulatory motif is common in animals and bacteria and can be used to increase the stability of a system. Concurrent with AUX/IAA degradation in response to auxin, the mRNA levels of several AUX/IAAs increase within minutes after ARF-mediated transcription [114] [115] [116] [117] , creating a negative feedback loop. These examples of multilevel regulation on auxin perception can generate a bistable switch in which auxin initiates a developmental response and immediately shuts it down to form a new stable pattern. It seems that auxin is not sufficient to activate cellular events but that it has a role in releasing from inhibition processes for which molecular paths are already set.
The SCF complex functions as a molecular hub. It is now clear that the SCF complex has a central role in hormonal signalling. Thus, it might have been evolutionarily selected as a network hub to integrate signals from multiple hormones. Network topology using a central hub has been shown to contribute to robustness and stability in changing environmental conditions in Escherichia coli 118 . Thus, environmental variations, as well as intrinsic differences between cells, can be moderated by such a mechanism 119 . Cooperativity among the SCF subunits can also contribute to the robustness of hormonal signalling. When several proteins act cooperatively, the input-output relationship can be modelled using a Hill function [119] [120] [121] (FIG. 5c,d ), or it can even generate an all-or-none response (FIG. 5e) . It is clear that a single discrete output is beneficial, especially in cases in which developmental changes are a primary response to changing environmental conditions. It is possible that the SCF complex acts as a molecular capacitor to buffer inputs from developmental and environmental cues when these are at low levels and to accelerate and amplify them only when they cross a certain threshold. The types of variations in the conditions to which plants are exposed require buffering mechanisms that stabilize physiology and maintain homeostasis.
Each of the SCF subunits possesses several homologues. Thus, various types of interactions can be attained by the modular composition of this complex. For example, both auxin and jasmonate signalling are mediated by the SCF complex with a single difference in the F-box protein: auxin uses TIR1 as a receptor, whereas jasmonate conjugated to isoleucine (the active form) is perceived by the F-box protein CORONATINE-INSENSITIVE PROTEIN 1 (COI1) 81 . One controversial issue is whether auxin functions as a morphogen. Currently, there is no evidence to support a model by which discrete auxin concentrations are spatially translated into different developmental outputs. Although the term 'gradient' is commonly used to describe auxin distribution 92 , it has not been shown that it functions in a manner similar to animal morphogens. A recent study on the Bicoid (Bcd) morphogen in Drosophila melanogaster 122 shows that it is combinatorial interplay between the anterior-expressed Bcd and the antagonistic posterior repressors that defines the spatial boundaries of downstream genes. According to the authors of this study, these results, as well as others, put considerable limits on the morphogen theory 123 . Our current understanding is that the data on auxin regulation support various mechanisms other than morphogen gradients that can better explain its mode of action.
Future perspective
The division of this Review into short-and long-range signalling is overly simplistic, as short-range signals can act as long-range signals and vice versa. Although peptides, transcription factors and sRNAs typically function at short ranges, there are examples of each acting more globally. For example, peptides have been suggested to act globally in response to injury 124 . Similarly, phytohormones can mediate short-range signals and, indeed, often exhibit a global effect through a series of short-range signals.
We are beginning to understand how each of these signalling pathways functions independently, but the current challenge is to develop high-throughput and comprehensive assays to uncover the mechanisms of complex networks. Specifically, we lack straightforward methods for the identification of small peptides and their receptors. Moreover, despite the large-scale bioinformatic identification of putative peptides and receptors, the validation of these potential factors is still very slow. Studies on protein and sRNA movement lag even further behind; without a conserved sequence or mechanism, it is difficult to predict which factors are mobile and to study the mechanism of movement. Another challenge is to develop visualization techniques that allow simultaneous time-lapse imaging of multiple cellular components. Although the current era provides sequencing and bioinformatics tools that can identify thousands of affected genes in different conditions and genotypes, a full understanding of biological processes cannot be achieved without experimental data. An elegant approach that is currently being taken is to label multiple mRNAs, which can be measured concurrently in single cells 125 . This method, together with others, will allow rapid and accurate quantification of cellular components that together can give a better picture of signalling during developmental processes.
